There now exists a large number of nonpoint source models that have been developed for watershed management issues. As part of the National Agri-Environmental Standards Initiative (NAESI), it was necessary to evaluate which model or models would be the best choice for examining various best management practices for nutrients, sediments, and pathogens in test watersheds. Environment Canada has committed to the development of environmental performance standards that will guide environmentally sustainable agricultural practices and management. A literature review was carried out and a short list of 13 models was selected that met the basic needs of the project. These models were subsequently evaluated based on a multicriteria analysis that considered 21 model characteristics. A weight and a total score quantify the relative importance of each criterion.
Introduction
Nonpoint source models have been developed for a wide range of user needs and watershed management issues. They have been designed to work at the small hill-slope scale to very large watershed scales. The models are based upon either a stochastic or deterministic design, and operate on an event and / or continuous time step for a selected range of chemicals. In this model review, we are interested in those that can simulate nutrients, sediments, and pathogens as related to the assessment of best management practice (BMP) effi cacy on stream water quality. This review is a companion to that of Quilbe et al. (2006) , which examined pesticide fate models as part of the National Agri-Environmental Standards Initiative (NAESI) study. There are three major goals of NAESI. The fi rst is to establish nonregulatory national environmental performance standards (with regional application) that defi ne common Environment Canada and Agriculture and Agri-Food Canada goals for the environment. The second is to evaluate standards attainable by use of existing environmentally benefi cial agricultural production and management practices. The third is to increase understanding of the relationships between agriculture and the environment. The nonpoint source modelling applications are used to fulfi ll and evaluate the second and third goals.
There have been a number of previous model reviews that examined nonpoint source models and their abilities to simulate streamfl ow, sediments, and nutrients Berra 2003, 2004; Nielson et al. 2003) . However, this is the fi rst to examine those parameters as well as pathogens. In this review and evaluation of models, we start with a short-listed number of candidate models selected from the literature. Each of these models is then described based upon the 21 criteria originally selected as those of interest to the NAESI study. A multicriteria analysis is then described and performed to rank the models.
Model Overviews

AGNPS
The Agricultural Nonpoint Source (AGNPS) model (Young et al. 1994 ) is a distributed model that simulates agricultural watersheds for a single storm event assuming uniform precipitation patterns. Watersheds modelled by AGNPS must be divided into homogenous square working areas called cells. The hydrology in the model is calculated by the Soil Conservation Service curve number approach. The Universal Soil Loss Equation (USLE) is used for predicting soil erosion which is predicted for fi ve different particle sizes (sand, silt, clay, small and large aggregates). The AGNPS model simulates the soil loss and sediment yield in a two-step process. First, the soil erosion is calculated and then compared with the sediment transport capacity of the fl ow. The eroded sediment is then routed based on a steady-state continuity equation for sediment transport and deposition described by Foster et al. (1980) . Among the factors in the USLE, the soil erodibility factor is a measure of potential erosion of the soil and is a function of the soil texture; the vegetative cover factor estimates the effect of ground cover conditions and accounts for the effect of vegetation and land management on erosion rates resulting from canopy protection (reduction of rainfall energy effect).
The pollutant transport part of the model estimates transport of nitrogen, phosphorous, and chemical oxygen demand throughout the watershed. It is divided into one part handling soluble pollutants and another part for simulating sediment-based pollutants. The methods used to predict nitrogen and phosphorus yields were developed by Frere et al. (1980) .
As in most nonpoint source pollution models, the equations are based on the CREAMS (Chemicals, Runoff and Erosion from Agricultural Management Systems) model (Knisel 1980) . Soluble nitrogen and phosphorus in runoff waters represent the effects of rainfall, fertilization, solid waste, and leaching from the soil in each cell. The contributions of soluble nutrients from each cell are calculated fi rst within the cell and routed downstream.
The AGNPS model has recently been linked (Leon 1999) with the RAISON (Regional Analysis by Intelligent System, Ontario) decision support system (Lam and Swayne 1993). The system is designed to run on a microcomputer operating under Windows 98, 2000, NT, or XP. The system includes a built-in users' manual and tutorial along with help functions.
Sensitivity analyses have been carried out on the model and it has been calibrated and verifi ed for Southern Ontario watersheds (Leon et al. 2004 ). It has also been used by numerous Ontario Conservation Authorities as well as in other parts of Canada such as the Rocky Mountains of British Columbia. Calibration of the model requires very little effort as only a very small number of parameters (3 to 4) needs to be adjusted once the model has been set up.
AGNPS and the Guelph Design Tool for Vegetative Filter Strips (GDVFS) models have been linked (Rudra 2006) . The performance of the integrated model has been evaluated using data from the Grand River basin (Gharabaghi et al. 2006 ).
AnnAGNPS
The Annualized Agricultural Nonpoint Source (AnnAGNPS) model is a continuous-simulation, multievent version of AGNPS, which operates on a daily time step. This model is currently available free of charge from the U.S. Department of Agriculture (USDA) and there are now a number of new features that are being added through a memorandum of understanding between the USDA and the University of Guelph. The most recent modifi cation is the linkage with the GDVFS model. This includes algorithms on nutrients, sediment, and pathogen transport. The AnnAGNPS has been evaluated with other continuous models on Ontario watersheds (Rudra and Dickinson 2005) .
As is the case with the AGNPS model, it is a tool designed for comparing the effects of implementing various conservation scenarios within a watershed. It was designed to be used for agricultural watersheds ranging in size up to 300,000 ha. The watershed is subdivided into homogeneous land areas with respect to soil type, land use, and land management. These areas can be of any shape as compared with the fi xed square cells used by AGNPS. The input programs include: i) a geographic information system (GIS)-assisted computer program (TOPAZ) to develop terrain-following cells to develop the needed hydrologic and hydraulic parameters that are derived from the DEM (Digital Evaluation Model), ii) an input editor to initialize, complete, and/or revise the input data, and iii) an AGNPS-to-AnnAGNPS converter for the input data sets of AGNPS.
For purposes of runoff generation and soil water storage, the soil profi le is divided into two layers. The top 200 mm are used as a tillage layer whose properties can change (bulk density, etc). The remaining soil profi le comprises the second layer whose properties remain static. A daily soil moisture water budget includes applied water (rainfall, irrigation, and snowmelt), runoff, evapotranspiration, and percolation. Runoff is calculated using the Soil Conservation Service runoff curve number equation, but is modifi ed if a shallow surface frozen soil layer exists. Curve numbers are modifi ed daily based upon tillage operations, soil moisture, and crop stage.
Most validation work on the model has been on relatively small, responsive watersheds. Conditions with longer time lag times associated with signifi cant groundwater fate and transport of nutrients and pesticides are largely untested.
Overland erosion of sediment is determined using the revised USLE (RUSLE) (Renard et al. 1997 ) method and was modifi ed to work at the watershed scale in AnnAGNPS. A daily mass balance for nitrogen (N), phosphorus (P), and organic carbon (OC) is calculated for each cell. Major processes considered are plant uptake of N and P, fertilization, residue decomposition, and N and P transport. Soluble and sediment-adsorbed N and P are calculated. N and P are also further partitioned into organic and mineral phases.
The methods used to route sediment, nutrients, and pesticides through the watershed are outlined in Theurer and Cronshey (1998) .
There are over 400 separate input parameters required for model execution. Input is facilitated by an input editor. Separate input fi les for watershed and climate data allows for quick changing of climatic data. Output is expressed on an event basis for selected stream reaches and as source accounting from land or reach components over the simulation period. An evaluation of the AnnAGNPS for Canadian climate conditions has been carried out by Das et al. (2004 Das et al. ( , 2005 .
ANSWERS-2000
ANSWERS (Areal Nonpoint Source Watershed Environment Response Simulation)-2000 (Bouraoui and Dillaha 2000) is a distributed parameter, physically-based, continuous simulation, farm-or watershed-scale, upland planning model developed for evaluating the effectiveness of agricultural and urban BMPs in reducing sediment and nutrient delivery to streams in surface runoff and leaching of nitrogen through the root zone. The model is intended for use by planners on ungauged watersheds where data for model calibration are not available. The model divides the area simulated into a uniform grid of square (1 hectare or smaller) cells, within which all properties (surface and subsurface soil properties, vegetation, surface condition, crop management, and climate) are assumed homogeneous. The model uses breakpoint precipitation data and simulates hydrologic processes with a 30-second time step during runoff events and with a daily time step between runoff events. The model simulates interception; surface retention/ detention; infi ltration; percolation; sediment detachment and transport of mixed particle size classes; crop growth; plant uptake of nutrients; N and P dynamics in the soil; nitrate leaching; and losses of nitrate, ammonium, total Kjeldahl nitrogen, and P in surface runoff as affected by soil, nutrient, cover and hydrologic conditions. The model has an ArcInfo-based user interface that facilitates data fi le creation and manipulation. The model is in the public domain and is available via ftp.
The water quality and hydrological processes included are surface runoff (continuous hydrograph at watershed outlets and other designated cells), surface runoff erosion and sediment transport (up to 10 particle size classes), sediment yield from or deposition in each cell, a time-varying sedigraph for different particle size classes at watershed outlets or designated cells, nitrate and adsorbed and dissolved ammonium, total Kjeldahl nitrogen, orthophosphorus yields in surface runoff from each cell, nitrate leaching below the root zone from each cell, and nutrient concentrations versus time at watershed outlets or designated cells.
The model does not simulate snow pack and snowmelt and is thus unsuitable for use in areas with signifi cant winter snow accumulation and snowmelt. In addition, the model does not currently simulate nutrient cycles and fate in receiving waters. This limits the use of the model to small upland watersheds.
The model is targeted for planners but is currently impractical for use by anyone except experienced modellers and researchers because of lack of documentation and a more user-friendly interface. It is currently used primarily by researchers with a strong knowledge of hydrologic, soil, and crop processes.
ANSWERS-2000 was used in a study (Panhorst 2002) to estimate bacterial loadings to surface waters from agricultural watersheds. A bacterial die-off model was incorporated into ANSWERS-2000 by utilizing Chick's Law. The model was tested using data from two plot studies. This study recommended that a larger watershed with predominantly overland fl ow, over a longer time period, should be carried out.
BASINS
The Better Assessment Science Integrating Point and Nonpoint Sources (BASINS) is a multipurpose environmental analysis system designed for use by regional, state, and local agencies in the U.S. performing watershed and water quality-based studies. This tool integrates environmental data, analytical tools, and modelling programs to support development of costeffective approaches to watershed management and environmental protection, including total maximum daily loads.
BASINS includes a data extractor, a project builder, a GIS interface, various GIS-based tools, a series of models, and custom databases. Data for U.S. sites are available entirely through a web data extraction tool. This web data extractor provides a tool for dynamic downloading of GIS data and databases from the BASINS web site and a variety of other sources. Access to data in BASINS is web based. The user specifi es a geographic area of interest in the United States and the software downloads appropriate data from the United States Environmental Protection Agency (USEPA), United States Geological Survey (USGS), and other locations on the internet. When the GIS data are downloaded, they are automatically extracted, projected to the user-specifi ed map projection, and an ArcView project fi le is built. This web data download tool then allows the user to add additional data to the BASINS project from a variety of data sources, and to check for more recent data and updates as appropriate.
It should be noted that BASINS uses different geomatic design principals and model attribute data than is typically used in Canada. This has been found to be a serious problem when setting up the model(s) for Canadian watersheds.
While BASINS was not explicitly designed for use outside the conterminous United States, projects can be built by not selecting watersheds and using the "no data" option in the "build_new_project.apr." Empty GIS datasets will be created. The user will have to supply the needed GIS datasets for BASINS.
BASINS water quality data are taken from STORET (Storage and Retrieval system), which is the USEPA database for water quality data reaching as far back as the 1960s. For Canadian applications, water quality data will have to be extracted from existing federal and provincial databases and formatted to work in BASINS.
TOXIROUTE is a steady state water quality model used with BASINS that simulates dilution and fi rst-order pollutant decay for point sources at given fl ow rates. Reach fl ow, reach network, and point source data are extracted to populate the model for the user-selected watershed. QUAL2E is a steady state and quasi-dynamic water quality model for simulating point source impact on water quality including nitrogen and phosphorus cycling, dissolved oxygen and biochemical oxygen demand (BOD), algae, fecal coliform, other conservative and nonconservative substances, and temperature for given fl ow patterns. Reach fl ow, reach network, and point source data are extracted for user selected reach segments. NPSM/HSPF (Nonpoint Source Model / Hydrologic Simulation Program -Fortran) is a processbased, continuous-simulation watershed model which enables accurate model calibration against monitored fl ow and pollutant concentration data. Its modular structure accommodates a wide range of pollutants and model complexities. The NPSM extracts reach characteristics, reach network, land use distribution, and point source data sets from the BASINS GIS, and provides a Windows interface to the legacy watershed model, HSPF.
PLOAD (Phosphorus load) is an ArcView GIS tool that computes nonpoint source loads from different subwatersheds and land uses based on annual precipitation, land uses, and BMPs. Successful linking of the model to existing BASINS data and user supplied data makes the model useful in estimating nonpoint source loads, relative contributions, and load reduction by BMPs.
HSPF and SWAT (Soil and Water Assessment Tool) are also contained in BASINS, which are two of the models evaluated in this paper.
CANWET
The Canadian ArcView Nutrient and Water Evaluation Tool (CANWET) was developed by Greenland International Consulting Ltd. (2004a). It is designed for nutrient management and source protection studies for Southern Ontario watersheds. It is used to estimate surface water budgets and nutrient loadings and is a modifi ed version of the ArcView Generalized Watershed Loading Function (AVGWLF) model developed by Evans et al. (2002) at Penn State University. AVGWLF is based upon the original Haith and Shoemaker (1987) Generalized Watershed Loading Function (GWLF) model developed at Cornell University.
CANWET currently consists of four modules. It has a clipping routine for populating input fi les. The GWLF is a combined distributed/lumped parameter model based on land use categories. The PRedICT (Pollution Reduction Impact Comparison Tool) is used to carry out BMPs for both rural and urban lands and also includes a calculator for the cost of implementing the BMPs. The STREAMPLAN (Spreadsheet Tool for River Environmental Assessment Management and Planning) is used to calculate concentrations of chemicals for each stream reach.
The adaptation of AVGWLF to CANWET for use in Canada involved a variety of modifi cations and updates to operate for conditions in Southern Ontario. It was also modifi ed to operate using metric units. The water balance module was modifi ed to account for water taking from both surface and groundwater sources. A point source routine for water added to streams from wastewater discharge was also added.
CANWET operates in a Windows environment and requires ArcView 3.X with Spatial Analyst and Microsoft Excel. A comprehensive user guide for CANWET has been developed to assist in setting up the model, running it, and viewing the output results. The model has been applied to a number of watersheds in Southern Ontario (Greenland International Consulting Ltd. 2004b ). The CANWET model has been evaluated for total maximum daily loads under Southern Ontario conditions by Singh et al. (2007) . It has also been used as part of the assimilative capacity studies carried out on the Lake Simcoe and Nottawasaga basins for the Government of Ontario (Greenland International Consulting Ltd. 2006).
GIBSI
GIBSI (Gestion Intégrée des Bassins versants à l'aide d'un Système Informatisé) is an integrated modelling system for river basin management (Rousseau et al. 2000) . It consists of a database for spatial and attribute data, distributed models (rainfall-runoff, soil erosion, agricultural chemical transport, and water quality), management modules (land use, point source, agricultural production systems, and reservoir management), and a geographic information system. GIBSI is modular in design and allows the user to add or subtract components (e.g., simulation models, relational database, and GIS) with other available software. Interactions between users and system components are provided through a single interface. GIBSI is able to operate on a personal computer.
In GIBSI, spatial discretization is done using two types of computational elements: 1) river segments and 2) relatively homogeneous hydrological units (RHHUs). The river segments are one-dimensional elements whereas the RHHUs are basic elements for rainfall-runoff simulation processes. RHHUs are determined with PHYSITEL, a software tool that divides a watershed into RHHUs using a DEM and a digitized drainage network (Turcotte et al. 2001 ).
The hydrological model for rainfall-runoff processes is HYDROTEL (hydrological model) (Turcotte et al. 2003) . The model operates on a 1 to 24 hour time step. RUSLE algorithms are used to model soil erosion and sediment transport. Agricultural chemical transport and transformations are based on the nitrogen, phosphorus, and pesticide transport algorithms of SWRRB (Simulator for Water Resources in Rural Basins [Arnold and Williams 1995] ) and EPIC (Erosion Productivity Impact Calculator [Williams 1995]) . The water quality model is designed around the Enhanced Stream Water Quality Model (QUAL2E; Brown and Barnwell 1987) .
The list of output variables includes: river fl ows, sediment loads, coliform counts, water temperature, as well as loads and concentrations of dissolved oxygen, chlorophyll a, dissolved phosphorus and particulate organic phosphorus, particulate organic nitrogen, nitrate and nitrite nitrogen, ammonia, BOD, and pesticides.
GIBSI provides three basin management models: 1) point source for waste water treatment plants and industrial discharges; 2) agricultural nonpoint sources; 3) reservoir management. One of the useful features of GIBSI over other integrated modelling systems such as WaterWare and BASINS is the user-friendly framework to examine the impacts of various agricultural, industrial, and municipal management scenarios on water quality and yield in terms of specifi c meteorological conditions. The interpretation of results using thematic maps and graphs is based upon comparing the reference state with combinations of different scenarios and one meteorological series or from combinations of one scenario and different meteorological series. The simulated values may also be interpreted in terms of various water use standards.
The system is free to those groups willing to collaborate with the National Institute of Scientifi c Research (INRS).
GLEAMS
Groundwater Loading Effects of Agricultural Management Systems (GLEAMS) (Leonard et al. 1987 ) is a continuous simulation, fi eld-scale model that was developed as an extension of the CREAMS model (Foster et al. 1980) . GLEAMS assumes that a fi eld has homogeneous land use, soils, and precipitation. It consists of four major components: hydrology, erosion/sediment yield, pesticide transport, and nutrients. GLEAMS was developed to evaluate the impact of management practices on potential pesticide and nutrient leaching within, through, and below the root zone. It also estimates surface runoff and sediment losses from the fi eld. GLEAMS was not developed as an absolute predictor of pollutant loading but rather for comparative analysis of complex pesticide chemistry, soil properties, and climate.
GLEAMS consists of a single computer program. Separate hydrology, erosion, and pesticide parameter fi les and output fi les are maintained. Separate parameter fi les enable the user to concentrate on one component at a time. Separate output fi les provide considerable options on degree of output. The program consists of four major components:
1. Hydrology component. Since a layered soil system is needed for routing pesticides through the root zone, hydrology option 1 of CREAMS with seven computational layers (Williams and Nicks 1982) is used in GLEAMS. Water balance computations are the same as those in CREAMS. The storage-routing technique used to simulate percolation from layer-to-layer in CREAMS is used but the volume of percolation by layer is retained for use in the pesticide component.
Erosion component.
The erosion/sediment yield component of GLEAMS has been changed only slightly from that in CREAMS. The principal changes include the fi xing of some user input variables for which default values were often used, and letting some be dynamically driven internally. Two updateable channel parameters (critical shear stress and depth to nonerodible depth at the side of the channel) are now driven internally in the model rather than user specifi ed.
3. Pesticide component. The pesticide component of GLEAMS contains the same surface response (runoff and sediment transport of pesticides) as that in CREAMS. In addition, GLEAMS has the capability of considering movement of pesticides into, within, and through the root zone. In software version 3.0, up to 366 pesticides can be simulated simultaneously, and one or two metabolites of a pesticide can also be considered.
Nutrient component.
The GLEAMS plant nutrient component simulates nitrogen fi xation by legumes during nitrogen-defi cient periods. Also, GLEAMS represents land application of animal waste by creating organic ammonia, nitrogen, and phosphorus pools for mineralization. Organic N and P represent the portion that mineralizes at a higher rate than for active soilmineralizable nitrogen and phosphorus. A portion of the animal waste mineralizes to the active soil-mineralizable N and P pools. The same is true for crop residue in the soil as well.
The GLEAMS model was linked with the model DRAINMOD (model to simulate the hydrology of poorly drained high water table solids) to simulate nutrient and pesticide transport in subsurface drained soils at the Greenbelt Research farm of Agriculture Canada (Gupta et al. 2005) .
HSPF
The Hydrologic Simulation Program-Fortran is a model that has a long history of development and use, and is supported by both the USEPA and the USGS. It has recently been incorporated into BASINS and the Watershed Modelling System (WMS). The model contains hundreds of process algorithms. There are three basic modules: PERLND (Pervious Land Upland Loading Module) and IMPLND (Imperfi ous Land Module) watershed loading models for pervious and impervious surfaces, respectively, and RCHRES (Reservoir Routing Module) which is a one-dimensional stream model that serves as the receiving water model. It uses simple storage-based equations for fl ow routing and fl ows in streams are one-dimensional. The HSPF model uses continuous rainfall and associated meteorological records to compute streamfl ow hydrographs and pollutographs. It also simulates interception soil moisture, surface runoff, interfl ow, basefl ow, snowpack depth and water content, snowmelt, evapotranspiration, and groundwater recharge. Chemical parameters modelled include pH, dissolved oxygen, BOD, pesticides, conservative ions, fecal coliforms, and nutrients (ammonia, nitrite-nitrate, organic nitrogen, orthophosphate, organic phosphorus). Sediment detachment and transport/routing is done by particle size. Other parameters modelled include temperature, phytoplankton, and zooplankton.
The model operates on any time step from one minute to one day. Frequency-duration analysis can be preformed for any time series. Calibrating the very comprehensive HSPF model is a major challenge. However, HSPF now includes an automatic calibration parameter estimator model (HSPexp; Lumb et al. 1994 ) coupled with a GIS approach for spatially averaged properties. The model has been applied to a number of watersheds within Canada 
MIKE SHE
MIKE SHE (integrated modelling framework) is a distributed, physically-based, dynamic modelling tool that can simulate the entire land phase of the hydrologic cycle. It has the capability of handling both single events and continuous simulations. It is able to simulate surface and ground water movement, the interactions between the surface water and ground water systems, and the associated point and nonpoint source water quality problems. The system has no limitations regarding watershed size. First, the modelling area is divided into polygons based on land use, soil type, and precipitation region; the polygons are then assigned identifi cation numbers. Model input fi les can be generated by overlaying the model input parameters with a grid network. Most data preparation and model set-up can be completed using GIS software, ArcView, or MIKE SHE's built-in graphic preprocessor. The MIKE SHE modeling system simulates hydrology components, including the movement of surface water, unsaturated subsurface water, saturated ground water, and exchanges between surface water and ground water. Within each of these, MIKE SHE offers several different approaches ranging from simple, lumped, and conceptual approaches to advanced, distributed, and physicallybased approaches.
With regard to water quality, the system simulates sediment, nutrient, and pesticide transport in the model area. The model also simulates water use and management operations, including irrigation systems, pumping wells, and various water control structures. A variety of agricultural practices and environmental protection alternatives may be evaluated using the many add-on modules.
The MIKE SHE SD (sorption/degradation) module simulates the sorption and attenuation of solutes in unsaturated and saturated ground water zones. The module describes the transport of pesticides through macro-pores in the soil. Solute sorption is described by either equilibrium sorption isotherms (Linear, Freundlich, or Langmuir) or kinetic sorption isotherms; both include effects of hysteresis in the sorption process.
The MIKE SHE SE (soil erosion) module is a version of the European Soil Erosion Model (EUROSEM) (Morgan and Quinton 1997) , which uses a special version of the overland fl ow component in the MIKE SHE WM (water movement) module. MIKE SHE SE predicts erosion and sedimentation patterns over a catchment, including simulations of splash and fl ow detachment.
The MIKE SHE Irrigation and Crop Growth Module (MIKE SHE IR) simulates irrigation operations. The crop yield and nitrogen consumption module (MIKE SHE DAISY) was created by coupling the DAISY (Hansen et al. 1990 ) model, developed by the Royal Danish Veterinarian and Agricultural University, with MIKE SHE. DAISY is an advanced soil-plant-atmosphere system model and simulates crop production as well as water and nutrient dynamics in the root zone.
The geochemistry module (MIKE SHE GM) is a mass transfer module built on top of the MIKE SHE AD (advection and dispersion) ground water transport module. MIKE SHE GM assumes local chemical equilibrium. It can handle multicomponent geochemical transport.
The biodegradation module (MIKE SHE BM) is an add-on module to the ground water transport component. Biodegradation is described by a multiplicative MichaelisMenten formulation. The module can simulate the transport of multicompounds affected by kinetically controlled organic reactions.
SWAT (with Microbial Submodel)
SWAT (Soil and Water Assessment Tool) is a river basin-or watershed-scale model developed for the USDA Agricultural Research Service (Arnold et al. 1998) . SWAT was developed to predict the impact of land management practices on water, sediment, and agricultural chemical yields in large complex watersheds with varying soils, land use, and management conditions over long periods of time. SWAT is a continuous time model and is not designed to simulate detailed, singleevent fl ood routing. SWAT is also a process-based model that uses the CREAMS algorithms combined with the erosion Modifi ed Universal Soil Loss Equation (MUSLE) and groundwater/subsurface (GLEAMS) equations for estimating hydrology and water quality (primarily sediment, nutrients, and pesticides). The model requires the studied watershed to be partitioned into homogenous response units, (i.e., similar in soils, slope, and land use). SWAT simulates hydrology, pesticide and nutrient cycling, bacteria transport, erosion, and sediment transport. It uses a daily time step for simulations running from 1 to 100 years.
An ArcView interface enables extraction of input parameters and provides visualization of model results. SWAT is integrated into the USEPA's BASINS and USDA's Automated Geospatial Watershed Assessment (AGWA) systems (Burns et al. 2004) . It is also linked to the river and stream water quality model QUAL2E. As noted above in the BASINS model overview, the geomatic design principals that SWAT uses as well as many of the land use and stream reach attributes are not the same as those used in Canada. Consequently, considerable effort is required by the user to build the necessary spatial input data fi les required for running the SWAT model in Canada.
SWAT also incorporates a microbial submodel for use at the watershed or basin levels. The model formulations contain: 1) functional relationships for both the die-off and regrowth rates that are dynamic and, at best, cover a range of representative values from less persistent to more persistent pathogenic bacterial species; 2) continuous and process-based formulations that can allow risk evaluation of nutrients, pathogens, and sediment loadings in water resources associated with various agricultural practices.
Fecal coliforms have customarily been used as indicators of potential pathogen contamination, both for monitoring and modelling purposes (Walker et al. 1990; Moore et al. 1988) . However, recent studies have documented that waterborne disease outbreaks caused by Cryptosporidium, Norwalk and Hepatitis A viruses. The model assumes two species/strains of pathogens with distinctly different die-off/regrowth rates. The rationale for selecting this two-population modelling approach is that when manure is applied to a fi eld, for example, the population density of a more persistent bacteria such as Escherichia coli 0157, Salmonella, and other specifi c pathogens, may initially be insignifi cant compared with a less persistent bacteria (i.e., fecal coliforms). However, after time, because of the more rapid die-off rates of the less persistent bacterial species, the population density of the more persistent bacteria would most likely comprise a large portion of the total remaining pathogens. This way, the seriousness of pathogens in terms of human health impact, even in lesser amounts in the environment, is being evaluated based on the population densities.
There have been a number of published and unpublished applications of the SWAT model in Canada. The SWAT model has been applied to two small watersheds in Quebec (Lévesque et al. 2008) . It has also been applied to a watershed in Alberta (Watson et al. 2008) . As part of the Lake Ontario Collaborative Study, the SWAT model has been applied to 11 watersheds along the north shore of Lake Ontario (Leon 2008) .
WARMF
To facilitate total maximum daily load (TMDL) analysis and watershed planning, the Watershed Analysis Risk Management Framework (WARMF) (Chen et al. 2001) was developed as a decision support system. The system is used to calculate TMDLs for most conventional pollutants (coliform, total suspended solids, BOD, nutrients). The scientifi c basis of the model has undergone several peer reviews by independent experts under USEPA guidelines. WARMF is now compatible with the data extraction and watershed delineation tools of USEPA BASINS. WARMF is organized into fi ve linked modules under one GIS-based graphical user interface. Parameters considered include conventional pollutants (nitrogen, phosphorus, BOD, algae, periphyton), organic chemicals, metals, mercury, pathogens, and temperature.
The engineering module contains catchment, river, and reservoir models. The catchment model accepts daily meteorological data and monthly air quality data, and simulates canopy processes, snow pack on the land, infi ltration into the ground, exfi ltration of ground water, acid mine drainage, surface runoff, and associated nonpoint source load. The river model accepts outfl ow from catchments and point source discharges, and routes the hydrology and water quality from one stream segment to the next until the water fl ows into a reservoir. The reservoir model accepts infl ow from adjacent rivers and catchments, direct point source discharges, and direct deposition, and simulates thermal stratifi cation and water quality in the lake and its outlet. The outfl ow from a reservoir can enter a river, which may fl ow into the next reservoir. The interface between models is automatic and seamless. It allows WARMF to represent an entire watershed as a single, interconnected system. WARMF outputs hydrology and water quality throughout the river basin.
A consensus module provides a road map that contains seven steps of the consensus building process. The engineering module works in the background to provide scientifi c data for stakeholders to make informed decisions. The consensus module engages stakeholders in place-based water quality management and follows the guidelines of USEPA's watershed approach.
The TMDL module provides a step-by-step process of calculating the total maximum daily load of various pollutants entering upstream of a water quality limited section (WQLS). Calculation moves from the most upstream WQLS to the most downstream WQLS. The engineering module works in the background to supply scientifi c information to the TMDL module. The TMDL module allows the public allocation of assimilative capacity and follows the guidelines of the USEPA's watershed approach.
The knowledge module stores reference information about legal constraints on stream fl ow and water quality in any part of the river basin. It may also contain suggestions based on the experience of other WARMF applications.
WaterWare
WaterWare is a water resources management information system that contains tools for data analysis, simulation modelling, rule-based assessment, and multicriteria decision support. It can be confi gured for customized use with different sets of models and tools. It has the following system modules available:
Hybrid GIS and object oriented databases;
• A rainfall-runoff and water budget model; These tools are embedded into a user interface that translates the specifi c functionality of a given model into a decision support tool. The component models and tools are restructured in terms of decision variables and performance variables, relating to the objectives, criteria, and constraints of various decision problems.
The system is only available as a nontransferable site license with optional maintenance and support agreements. The development toolkit libraries and source code that are provided allow the user to add their own models and tools. The system has an extensive set of online user and reference manuals. WaterWare operates on Linux systems and on UNIX servers. It is designed for distributed, web-based access, supporting multiple clients through the internet. Applications have taken place in England, Mexico, Malaysia, China, and Palestine.
WEPP
The USDA Water Erosion Prediction Project (WEPP) model (Alberts et al. 1987 ) is a process-based model that has been developed to provide erosion prediction technology. It includes stochastic weather generation, improved infi ltration theory, hydrology, soil physics, plant science, hydraulics, and erosion mechanics. It provides hill slope or landscape profi le application capability with advantages over existing erosion prediction technology such as the ability to estimate spatial and temporal distributions of soil loss (net soil loss for an entire hillslope or for each point on a slope profi le on a daily, monthly, or average annual basis). Since it uses a more process-based approach than earlier USDA models, it can be applied to a wider range of conditions with less extensive fi eld data for calibration.
Processes considered in the hill slope profi le model applications include rill and inter-rill erosion, sediment transport and deposition, infi ltration, soil consolidation, residue and canopy effects on soil detachment and infi ltration, surface sealing, rill hydraulics, surface runoff, plant growth, residue decomposition, percolation, evaporation, transpiration, snowmelt, frozen soil effects on infi ltration and erodibility, climate, tillage effects on soil properties, effects of soil random roughness, and contour effects including potential overtopping of contour ridges. The model also accommodates the spatial and temporal variability in topography, surface roughness, soil properties, crops, and other land use conditions on hill slopes.
For watershed applications, the model allows the linkage of hill slopes to channels and impoundments. Water and sediment from one or more hill slopes can be routed through a small (hundreds of meters) fi eld-scale watershed.
The model is designed to be used for conservation planning, project planning, and inventory and assessment. The model application is limited to areas where the hydrology is dominated by Hortonian overland fl ow (i.e., rainfall exceeds infi ltration capacity and subsurface fl ow is negligible). The model is designed to operate on personal computers.
The latest version is called GeoWEPP, which provides a GIS ESRI ArcView interface for the model (a research project at the Landscape-based Environmental System Analysis and Modelling [LESAM] Laboratory at the Department of Geography, University at Buffalo -The State University of New York, Buffalo, New York).
The model does not generate water quality concentrations but has been used to provide information on areas that could potentially contribute manure microbes assuming that they move off fi elds either with runoff waters or their entrained sediment loads in a bacteria source and mechanisms of delivery study in Huron County, Ontario (Science Committee to Investigate Sources of Bacterial Pollution of the Lake Huron shoreline of Huron County, April, 2005).
Multicriteria Assessment
A summary of the model characteristics is provided in Tables 1 and 2 . This information will be used as input to the multicriteria assessment analysis.
The following list contains the critical evaluation criteria that will be used to rank the models as to their suitability for application in the NAESI studies:
Ability to calculate fl ow routing;
1)
Ability to simulate nutrients (total P and N minimum, 2) soluble and particulate); Ability to simulate sediment transport;
3)
Ability to simulate pathogen transport;
4)
Ability to evaluate common BMPs at different 5) scales; Event versus time dependent; 6) Time steps of calculation;
7)
Availability of input data;
8)
User-friendly interface;
9)
Model complexity versus accuracy;
10)
Comprehensive Canada; Number of applications in Canada; 20)
Cost.
21)
As not all of the criteria are of equal importance in the NAESI studies, we now discuss the rational for the weighting of each of the criteria: 1) One of the critical components of a nonpoint source model is to be able to generate the fl ows accurately for a watershed. We are also particularly interested in the model's ability to backtrack sources along the fl ow routing paths. Consequently the sophistication and accuracy of the hydrological component of the model is a key component of the evaluation. The total number of points for this criterion is 5 points.
2) All of the models selected for the short list are capable of simulating nutrients. Therefore, points will only be given for the completeness and sophistication level of the nutrient processes included in the model. The total number of points possible for this criterion is 4.
3) All of the models selected for the short list are capable of simulating sediments. Therefore points will be given based upon the completeness and sophistication level of the sediment transport processes. The total number of points possible for this criterion is 4.
4)
This criterion will be appointed a maximum value of 4. Not all of the models provide pathogen transport simulation capabilities and some are much more sophisticated than others. Points will be assigned based upon completeness and sophistication of the pathogen processes employed in the model.
5)
A total of 4 points is possible for this criterion. Points will be assigned based upon the ability of the model to simulate all of the different types of approved BMPs and the sophistication of the methods used in the model to simulate them. 6) Models that are capable of providing only event simulations will be given 1 point, those that provide time series 2 points, and those that are capable of both will be assigned 3 points.
7)
For those models that operate in a time series mode, points will be given for the fl exibility of selecting various time steps. A maximum of 2 points will be assigned for this criterion.
8) The availability of input data in Canada to operate the model is a critical criterion as it typically requires the most time and resources in this type of modelling. The maximum number of points assigned for this criterion is 5. It will be based upon the availability of the data, the amount of effort required to convert the data to the model format, the total amount of input data, and the tools available in the model to support the input of the data.
9)
The utility of the model is typically affected by the nature of the user interface. Points will be assigned based upon the presence, level of sophistication, and completeness of the user interface provided for the model or models. The maximum number of points assigned for this criterion is 4.
10) This is a very important criterion but one that is diffi cult to assess. We have examined the publications that have described the results of applying the models to various watersheds. The authors have used their personal experience as well as that gleaned from colleagues in the modelling fi eld. A maximum number of 4 points is assigned to this criterion.
11)
As all of the models have some form of documentation, points will be assigned on the completeness of the documentation, and the provision of examples and a tutorial. Extra consideration is also provided for the availability of built-in support. A maximum score of 4 points is assigned for this criterion.
12)
Scenarios comparison is a very useful capability that is required for evaluating BMPs. Points will be assigned based upon the design and ease of use of the interface for carrying out the comparison. A maximum of 4 points will be assigned for this criterion.
13)
The availability of the model is often a very important consideration, especially when it is to be used for a research study. Consequently, points will be awarded based upon whether the model is available in the public domain versus being proprietary. Points will also be assigned if the source code is available as compared with just the compiled version. For this criterion a maximum number of 4 points is assigned.
14) Many models are developed and then after a few years they are no longer actively being developed and/ or supported. For this criterion, points will be assigned for the availability of support, whether the model is undergoing continued development, and the nature of the support. A maximum of 3 points will be assigned to this criterion.
15)
For the NAESI studies, the scale of the watershed that the model is capable of operating on is an issue. Points will be assigned based upon the fl exibility of the model to operate at various scales and in particular those that are necessary for the evaluation of BMPs. A maximum number of 3 points is assigned to this criterion.
16)
The method used to discretize the watershed is a factor in evaluating BMP's. For this criterion, points are assigned as to the fl exibility of the method used. A maximum of 2 points is assigned to this criterion.
17)
For many study watersheds, the amount of data available to calibrate a model is often limited. Some models are designed to require a minimum of data for model calibration. The number of parameters/coeffi cients that must be adjusted to calibrate a model is also often a serious consideration. In addition, the availability of automated calibration tools built into the model is very useful. For this criterion a maximum of 4 points is assigned.
18)
A very useful capability of a nonpoint source model is to be able to carry out source tracing in order to investigate sensitive areas of a watershed that should be the focus of applying BMPs in the most cost effective manner. A maximum of 3 points is assigned to this criterion.
19)
As the NAESI studies are being carried out across Canada, points will be assigned based upon the ability of the model to be applied to watersheds with their unique features. A maximum of 3 points is assigned to this criterion.
20)
The actual number of applications that have been carried out in Canada by different groups is an important consideration for the NAESI studies. Points will be assigned up to a maximum of 4 based upon the relative number of applications of the model.
21)
The cost of acquiring/licensing the software as well as the cost of model support by the developer could very well be a limiting factor in the utility of the model by the study groups. Consequently, points will be assigned based upon the cost effectiveness of the model, with a maximum of 2 points being assigned.
Results and Conclusions
The maximum possible score that a model can achieve is 70 in this ranking system. The results of the model multicriteria assessment are shown in Table 3 . It can be seen that there are a number of models with very close rankings, with no overall run-away leader. The top six are SWAT (61), AnnAGNPS (61), BASINS (60), GIBSI (60), AGNPS (56), and HSPF (56). Of these, SWAT, BASINS, GIBSI, and HSPF are members of the top fi ve models selected for pesticide analysis (Rousseau et al. 2005) . This study tried to include as much available practical Canadian application data as part of the criteria as well as purely technical evaluation criteria gleaned from the literature. As in any modelling study, it is suggested that it would be prudent to examine the results of application of at least the top two models in the early stages to ensure that there are no major discrepancies in model fi ndings.
